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I. 


INTRODUCTION 


This  annual  report  covers  the  period  from  August  1,  1985  to 
July  31,  1986  for  the  research  project  under  Grant  No.  AFOSR-82- 
0314.  The  processes  for  electron  production,  electron  attach¬ 
ment,  and  charge  recombination  in  high  pressure  gaseous  mixtures 
were  investigated  in  this  research  program.  The  information 
obtained  from  this  program  is  currently  needed  for  the 
development  of  various  electrical  switching  devices  as  well  as 
for  the  understanding  of  basic  phenomena  in  plasma  physics. 

Electrical  switching  devices,  for  example,  high  repetition- 
rate  discharge  switches,  opening  switches,  radiation  or  e-beam 
controlled  switches,  are  needed  for  the  development  of  high  power 
lasers,  fusion  experiment,  magnetic  enex’gy  storage  system,  as 
well  as  particle  beam  experiment.  High  pressure  gaseous 
dishcarges  are  often  involved  in  these  switching  devices.  Every 
discharge  switch  requires  special  characteristics  pertinent  to 
the  pulse  rise  time,  decay  time,  discharge  stability,  discharge 
uniformity,  and  current  density.  These  characteristics  are 
determined  by  the  electron  transport  parameters  of  a  gas  mixture, 
such  as  electron  drift  velocity,  electron  attachment,  detachment 
and  ionization  coefficients  as  well  as  charge  recombination 
rates.  Thus,  for  the  design  of  various  discharge  switches,  these 
electron  transport  parameters  need  to  be  well  studied.  This 
research  program  provides  these  basic  data  for  the  development  of 
various  discharge  switches. 
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In  s-dition  to  measuring  fundamental  data  for  practical 
applications,  we  also  develop  new  techniques  for  laser-controlled 
electrical  switching.  It  has  jeen  observed  that  the  electron 
conduction  current  in  a  gaseous  discharge  medium  can  be  enhanced 
by  photoelectron-detachment  of  negative  ions.  The  electron 
conduction  current  can  also  be  reduced  by  the  optically-enhanced 
electron-attachment  process.  The  observed  current  switching  can, 
in  principle,  be  applied  to  develop  diffuse-gaseous-discharge 
opening  swtiches. 

II.  RESEARCH  ACCOMPLISHMENTS 

The  electron  transport  parameters  in  high  pressure  buffer 
gases  were  measured  with  a  parallel-plate  drift-tube  apparatus. 
Electrons  were  initially  produced  by  irradiating  the  cathode  with 
an  intense  excimer  laser  pulse.  The  electric  field  produced  by 


applying  a  negative  high  voltage  on  the  cathode  was  used  to  drift 
the  electrons.  The  transient  voltage  pulse  induced  by  electron 
motion  between  the  electrodes  was  monitored  by  a  digitizer  and 
stored  in  an  IBM  XT  microcomputer.  The  electron  attachment  rate 
was  obtained  from  the  ratio  of  the  amplitudes  of  transient  pulses 
with  and  without  a  gas  attacher  in  the  buffer  gas.  The  electron 
drift  velocity  and  the  electron  diffusion  coefficient  were 
obtained  by  analyzing  the  time  profile  of  transient  pulse. 

In  this  period,  the  switching  of  electron  conduction  current 
by  photoelectron-detachment  and  photodissociation  processes  was 
also  observed  in  the  dsicharge  medium  of  SOCI2  in  N ^ ,  where  a 
negative  poi n t - to - p lane  corona  discharge  was  used.  Results 
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accomplished  in  this  period  are  described  below: 

1.  Electron  Attachment  Coefficients  of  SO? 

The  electron  attachment  rate  constants  of  SO2  in  buffer 
gases  of  Ar,  N2 ,  and  CH4  were  measured  as  a  funciton  of  E/N.  The 
electron  attachment  rate  constant  of  SO2  in  Ar  increases  with 
E/N,  and  it  is  independent  of  Ar  pressure,  indicating  that  the 
electron  attachment  is  due  to  the  dissociative  attachment 
process.  The  characteristic  that  the  electron  attachment  rate 
increased  with  E/N  is  desirable  for  the  design  of  opening 
switches. 

For  the  SO2-N2  and  SO2-CH4  gas  mixtures,  the  electron 
attachment  rates  decrease  with  increasing  E/N  and  increase  with 
increasing  buffer  gas  pressure.  The  electrons  attachment  to  SO2 
in  N2  and  CH4  is  attributed  to  the  Bloch-Bradbury  two-step  three- 
body  nondissociative  attachment  process.  The  mean  electron 
energy  in  the  N2  or  CH4  buffer  gas  is  lower  than  1  eV,  electrons 
do  not  have  sufficient  energy  for  the  dissociative  attachment 
process. 

The  results  for  the  electron  attachment  of  SQ2  in  various 
buffer  gases  are  reported  in  more  detail  in  a  paper  attached  as 
Appendix  A,  which  has  been  published  in  the  Journal  of  Chemical 
Physics. 

2.  Electron  Attachment  Coefficients  of  CS? 

The  electron  attachment  coefficients  of  CS2  in  the  buffer 
gases  of  N2  and  CH4  were  measured  as  a  function  of  E/N.  In  both 
N2  and  CH4  buffer  gases,  the  electron  attachment  rates  of  CS2 
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increase  with  increasing  CS2  and  buffer  gas  pressures  and 


decrease  with  increasing  E/N.  This  attachment  process  is 
attributed  to  the  Bloch-Bradbury  two-step  three-body 
nondissociative  attachment  process.  The  collisional-stabilized 
rate  for  the  "temporary"  negative  compound  ion  of  CS2~*  by 
various  gases  (CS2,  N2,  and  CH4 >  were  also  investigated. 

The  results  for  the  electron  attachment  of  CS2  in  various 
buffer  gases  are  reported  in  the  paper  attached  as  Appendix  A. 

3.  Electron  Attachment  Coefficients  of  SQClo 

It  has  been  demonstrated  that  the  conduction  current  in  a 
corona  discharge  of  SGCl2-N2  mixture  can  be  switched  (increased 
and  decreased)  when  the  gas  medium  is  irradiated  by  ArF  laser 
photons.  This  observation  is,  in  principle,  useful  for  the 
development  of  laser-controlled  opening  switches.  The  electron 
attachment  rates  for  SOCI2  in  various  buffer  gases  are  needed  for 
such  application. 

The  electron  attachment  coefficients  of  SOCI2  in  buffer 
gases  of  Ar,  N2,  and  CH4  were  measured  as  a  function  of  E/N.  For 
SQCI2  in  Ar,  the  electron  attachment  rate  constant  is  maximum  at 
E/N  =  4  Td.  For  SOCI2  in  N2  and  CH4,  the  electron  attachment 
rate  constants  decrease  with  increasing  E/N  (1-15  Td>.  For  every 
gas  mixture  studied,  t.he  electron  attachment  rate  constant  is 
independent  of  buffer  gas  pressure,  indicating  that  the  electron 
attachment  to  SOCI2  is  due  to  a  dissociative  electron-attachment 
process.  The  electron  attachment  processes  in  various  gas 
mixtures  were  investigated. 
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The  results  for  the  electron  attachment  of  SOCI2  in  various 
buffer  gases  are  reported  in  more  detail  in  a  paper  attached  as 
Appendix  B,  which  has  been  accepted  by  the  Journal  of  Chemical 
Physics  for  publication. 

4.  Switching  of  Conduction  Current  in  the  Discharge  Medium  of 
SOClo 

The  transient  current  in  a  negative  point-to-plane  corona 
discharge  of  SQCI2-N2  mixture  produced  by  ArF  laser  pulse  was 
investigated.  The  experimental  apparatus  is  shown  in  Fig.  1.  It 
has  been  observed  that  the  transient  current  increases  initially 
because  of  the  increase  of  conduction  electrons  that  are  produced 
from  the  photoelectron-detachment  of  negative  ions  (SO",  Cl", 
Cl2»  S0C1",  etc)  in  the  discharge  medium  by  laser  photons;  and 
the  transient  current  decreases  later  because  of  the  increase  of 
electron  attachment  rate  by  the  photofragments  (e.g.  Cl,  Cl*,  SO, 
SO*)  produced  from  laser  dissociation  of  S0C12-  As  an  example, 
the  transient  current  pulses  at  various  SOCI2  pressure  are  shown 
in  Fig.  2.  Both  of  the  amplitudes  and  duration  of  the  transient 
current  are  being  investigated  as  a  function  of  [SOC123*  laser 
energy,  and  laser  beam  size. 

The  results  for  the  current  switching  in  the  discharge 
medium  of  SOCI2  in  N2  will  be  submmerized  in  a  paper  and 
submitted  to  a  scientific  journal  for  publication.  After  this 
paper  is  prepared  we  will  continue  to  pursue  this  type  of 
experiment  with  different  electronegative  gases  (e.g.  SFg,)  in  the 


next  funding  period. 


m 


0-(-30)KV 


Time  (ms) 


The  transient  current  waveforms  after  the  discharge  medium  was  irradiated 
by  an  ArF  laser  pulse.  The  partial  pressures  of  SOCl^  were  (a)  0,  (b)  0.8, 
and  (c)  3. A  mtorr,  the  laser  energy  was  1.5  mj/pulse,  the  laser  beam  dia¬ 
meter  was  6  mm,  the  applied  voltage  was  -0.75  kV,  and  the  pressure  was 
about  26  torr.  I+  and  I  indicate  the  current  increase  and  decrease  from 
the  DC  current  level  (about  18  pA) ,  respec t ively . 
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Appendix  A 

Electron  Attachment  Rate  Constanta  of 
SC>2  and  CS2  in  Ar,  N2>  and  CH4  at  Varied  E/N 


Electron  attachment  rate  constants  of  S02  and  CS2  in  Ar,  N2,  and  CH4 
at  varied  E/N 

W.  C.  Wang  and  L.  C.  Lee 

Department  of  Electrical  and  Computer  Engineering,  San  Diego  State  University,  San  Diego,  California 
92182 

(Received  7  October  1985;  accepted  19  November  1985) 

The  electron  attachment  rate  constants  of  S02  and  CS2  in  the  buffer  gases  of  Ar,  N2,  and  CH4  ( 1 50 
to  530  Torr)  at  various  E /N  ( 1-16  Td)  were  measured  by  a  parallel-plate  drift-tube  electron- 
swarm  technique.  The  electrons  were  produced  by  irradiating  the  cathode  with  KrF  laser 
photons.  For  the  S02-Ar  mixture,  the  electron  attachment  rate  constant  of  S02  increases  with 
increasing  E  /N  and  is  independent  of  Ar  pressure.  For  S02  in  N2  and  CH4,  the  electron 
attachment  rates  decrease  with  increasing  E  /N  and  increase  with  increasing  buffer  gas  pressure. 

For  CS2  in  N2  and  CH4,  the  electron  attachment  rates  increase  with  increasing  CS2  and  buffer  gas 
pressures  and  decrease  with  increasing  E  /N.  The  electron  attachment  to  S02  and  CS2  in  the  buffer 
gases  of  N2  and  CH4  is  a  three-body  process.  The  collisional-stabilized  rates  of  “temporary” 
negative  compound  ions  S02-  *  and  CS2~  *  by  various  gases  are  investigated. 


I.  INTRODUCTION 

Recent  advances  in  pulsed-power  technology  require1 
opening  switches  for  developing  a  magnetic  energy  storage 
system  whose  energy  density  is  much  higher  (10:-103 
times)  than  the  capacitive  system.2  An  opening  switch  re¬ 
quires  a  fast  decay  of  the  conduction  current  which  may  be 
achieved  by  attaching  electrons  to  electronegative  gases 
mixed  in  a  buffer  gas.1  The  electron  attachment  rates  for 
various  gas  mixtures  are  thus  of  interest  in  practical  applica¬ 
tions  as  well  as  in  basic  understanding  of  electron  attach¬ 
ment  processes  as  indicated  in  recent  electron-swarm  experi¬ 
ments.3  In  this  paper,  the  electron  attachment  processes  and 
rate  constants  for  S02  and  CS2  in  Ar,  N2,  and  CH4  are  re¬ 
ported. 

Electron  attachment  to  S02  was  first  studied  by  Brad¬ 
bury  and  Tatel4  and  later  by  several  other  authors5'10  either 
in  pure  S02  or  in  various  S02  mixtures.  In  pure  S02, 
Lakdawala  and  Moruzzi5  and  Schlumbohm6  observed  that 
the  electron  attachment  rate  constant  of  S02  had  a  pressure 
dependence  and  they  attributed  it  to  the  three-body  nondis- 
sociative  attachment  process.  The  attachment  rates  of  S02 
were  observed  to  be  dependent  on  buffer  gas  pressure  by 
Bouby  et  al1  for  the  buffer  gases  of  N2,  C02,  C2H4,  and 
CHjOH  and  by  Rademacher  et  al.B  for  N2  and  C2H4.  The 
electron  attachment  to  SO,  in  various  gas  mixtures  was  attri¬ 
buted  to  the  three-body  nondissociative  attachment  process. 
For  the  SO;-Ar  mixture,  the  dissociative  attachment  pro¬ 
cess  is  dominant. 

There  is  very  little  information  available  for  the  electron 
attachment  process  of  CS2.  To  the  best  of  our  knowledge,  the 
nondissociative  electron  attachment  rate  constant  of  CS,  has 
not  been  reported.  CS,  is  known  to  be  a  stable  negative  ion, 
because  CS,  has  a  positive  electron  affinity. 1 1  12  In  fact,  it  lias 
been  observed  in  several  charge-transfer  reactions  such  as: 
(i)  collisional  ionization  of  alkali  atoms'2;  (ii )  charge  trans¬ 
fer  from  highly  excited  Rydberg  states  of  Kr  atom1';  (iii) 
charge  transfer  from  negative  ions";  and  ( i\  )  charge  lians- 
fer  from  the  dissociative  negative  ion  fragments  oft  \S  .  1 


However,  there  are  no  reports  on  the  observation  of  direct 
electron  attachment  to  CS2.  Due  to  a  large  nuclear  deforma¬ 
tion  from  CS2  to  CS2',’2  the  probability  for  direct  attach¬ 
ment  of  slow  electrons  to  CS2  may  be  small. 

In  this  experiment,  a  parallel-plate  drift-tube  electron- 
swarm  technique'6-18  was  applied  to  measure  the  electron 
attachment  rates  of  S02  and  CS2  in  Ar,  N2,  and  CH4  at  var¬ 
ious  E  /N.  The  E  /N  can  be  converted  to  the  mean  electron 
energy  using  the  known  electron  energy  distribution  func¬ 
tion.3  The  attachment  processes  in  S02  and  CS2  are  explain¬ 
able  by  the  Bloch-Bradbury  two-step  three-body  attach¬ 
ment  mechanism.19 


The  experimental  setup  has  been  discussed  in  detail  in 
previous  papers.'6-18  In  brief,  the  gas  cell  is  a  6  in.  six-way 
aluminum  cross.  The  electrodes  are  two  parallel  uncoated 
stainless  steel  plates  of  5  cm  in  diameter  and  3.6  cm  apart. 
The  electron  swarm  was  produced  by  irradiation  of  the  cath¬ 
ode  with  KrF  ( Lumonics  model  86 1 S )  laser  beam  which  has 
a  pulse  duration  of  about  10  ns.  An  ArF  laser  is  not  used 
here,  because  it  can  ionize  CS2  and  S02  by  two-photon  pro¬ 
cess,20  and  the  electrons  produced  in  the  gas  phase  will  per¬ 
turb  the  electron  attachment  measurements.  The  energy  of 
the  laser  pulse  was  monitored  by  an  energy  meter  (Scientech 
model  365 ) .  A  negative  high  voltage  was  applied  to  the  cath¬ 
ode.  The  conduction  current  induced  by  the  electron  motion 
between  the  electrodes  was  observed  as  a  transient  voltage 
pulse  across  a  resistor  ( 100-2000  11)  connecting  the  anode 
to  ground.  The  transient  pulse  was  monitored  and  stored  by 
a  275  MHz  storage  oscilloscope  (HP  model  1727 A)  and  was 
photographed  for  permanent  record. 

The  gas  pressure  in  the  gas  cell  was  maintained  constant 
in  a  slow  flow'  system  (flow  rate  about  20  cm3  STP/min). 
The  gas  pressure  was  measured  by  an  MKS  Baratron  ma¬ 
nometer  All  measurements  were  done  at  room  temperature. 
The  Ai.  N  ,  and  (’ll,  gases  (supplied  by  MG  Scientific) 
have  purities  o f'W.WK^ ,  99  99H'y  ,  and  69.99 %,  rcspective- 


II.  EXPERIMENT 
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ly.  S02  or  CS2  was  diluted  in  Ar,  N2,  or  CH4  before  being 
introduced  into  the  gas  cell.  The  S02  supplied  by  Matheson 
t  has  a  purity  of  99.98%.  The  CS2  liquid  with  99.9%  purity 

i  was  supplied  by  MCB  Manufacturing  Chemists,  Inc.  The 

CS2  liquid  contained  in  a  stainless  steel  cylinder  was  pumped 
several  hours  at  dry  ice  temperature  to  remove  dissolved 
impurities  before  its  vapor  was  used  in  the  experiment.  The 
impurity  level  was  believed  to  be  very  low,  because  the  ex¬ 
perimental  results  were  reproducible  before  or  after  an  addi¬ 
tional  pumping.  The  impurities  that  possibly  accompanied 
CS2  vapor  should  not  be  more  than  0.1%. 

III.  RESULTS  AND  DISCUSSION 
A.  SOj 

The  waveforms  of  electron  transient  voltages  for  the 
S02-Ar  mixture  at  E/N  =  2.5  Td  are  shown  in  Fig.  1,  where 
the  pressure  of  Ar  was  240  Torr,  and  the  pressures  of  S02 
were  (a)  0,  (b)  0.032,  and  (c)  0.082  Torr,  respectively.  The 
pulse  was  produced  by  a  single  shot,  but  it  is  a  representative 
for  the  average  of  several  sequential  shots.  From  shot  to  shot, 
the  pulse  amplitudes  varied  within  10%.  This  variation  was 
mainly  caused  by  the  fluctuation  of  laser  energy.  The  curves 
shown  in  Fig.  1  were  taken  under  the  same  experimental 
conditions. 

As  shown  in  Figs.  1(b)  and  1(c),  both  the  pulse  dura¬ 
tions  and  the  amplitudes  decreased  when  a  small  amount  of 
S02  was  admitted  into  the  gas  cell.  The  shortening  of  pulse 
duration  is  due  to  the  increase  of  electron  drift  velocity, 
similar  to  the  cases  observed  in  the  H20-Ar17-21  and 
C3F8-Ar18-22  mixtures.  The  decrease  of  amplitudes  is  caused 
by  electron  attachment  to  S02.  This  decrease  of  amplitude 
can  be  used  to  derive  the  electron  attachment  rate  as  de¬ 
scribed  in  previous  papers. 1617  The  method  of  analysis  of  our 
data  is  briefly  described  below. 

The  electron  conduction  current  induced  by  electron 
motion  between  the  electrodes  can  be  expressed  as  follows23: 

i{t)  =  eN'W  /d ,  (1) 

where  Nt  is  the  number  of  electrons  existing  between  the 
electrodes,  IF  is  the  electron  drift  velocity,  and  d  is  the  elec¬ 
trode  spacing.  When  a  small  amount  of  S02  is  added  to  the 
gas  cell,  the  electron  conduction  current  will  decrease  due  to 
attachment,  which  becomes 
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i"{l)  =eN’'W'e~'‘r/d ,  (2) 

where  v„  is  the  electron  attachment  rate  (or  frequency).  A7; 
and  W‘  may  vary  slightly  from  the  values  of  Eq.  (1).  The 
transient  voltage  in  Fig.  1  is  related  to  the  electron  conduc¬ 
tion  current  by 

V(t)  =f(t)i(t)R  ,  (3) 

where  R  is  the  resistor  connecting  the  anode  to  ground,  and 
f{t)  is  the  electronics  response  function  that  approaches  a 
constant  at  t  >  RC  (about  60  ns). 

The  logarithm  of  the  ratio  of  the  voltages  with  and  with¬ 
out  S02  in  buffer  gas  is  thus 

\n(V‘/V)  =  \n(N’tW7NtW)  -vat .  (4) 

At  atmospheric  pressure  and  relatively  low  values  of  E  /N, 
electrons  can  reach  an  equilibrium  state  in  a  very  short 
time.17,23  Thus,  W  and  W  can  be  practically  considered  as 
constant  except  for  those  electrons  near  the  electrodes.  For 
T  <d /W  (ord /W),Ne  (or  N’r)  is  a  constant  except  for  the 
beginning  of  the  pulse  where  some  electrons  diffuse  back  to 
the  cathode.23  Therefore,  after  a  short  period  of  time,  the 
first  term  of  Eq.  (4)  should  be  independent  of  time  and  the 
slope  of  In  (  V'/V)  vs  time  gives  the  electron  attachment  Kite 

The  electron  attachment  rate  constant  of  the  two-body 
process  is  determined  by  vo/[S02).  In  the  SO,~Ar  mixture, 
we  find  that  the  v„/[S02]  value  is  independent  of  Ar  pres¬ 
sure  and  decreases  with  increasing  [SO,]/[  Ar),  similar  to 
the  results  reported  by  Rademacher  et  alH  This  decrease  is 
likely  caused  by  the  effect  of  S02  on  the  electron  energy 
distribution  in  Ar,  similar  to  the  case  of  H,0. 17  The  electron 
attachment  rate  constant,  ka,  which  is  obtained  from  extra¬ 
polating  the  plot  of  v0/[S02]  vs  pressure  at  [SO:]  =  0,  is 
associated  with  the  electron  energy  distribution  of  pure  Ar. 
The  results  of  the  kJ  values  at  various  E  /N  are  shown  in  Fig. 
2  for  an  Ar  pressure  of  240  Torr.  The  scale  of  the  mean 
electron  energy,  (e),  is  shown  in  the  top  of  Fig.  2,  where  the 
(c)  value  in  Ar  was  given  by  Christophorou  and  Hunter.24 
For  comparison,  the  results  of  Rademacher  et  al .“  are  plot¬ 
ted  as  a  solid  line  in  Fig.  2,  and  the  agreement  between  these 
two  data  is  quite  good. 

The  electron  attachment  in  the  S02-Ar  mixture  is  main¬ 
ly  due  to  the  dissociative  attachment  process,8  for  which  S02 
is  dissociated  into  SO  +  O-,  SO-  -f  O,  andS“  +02  whose 
threshold  energies  are  4. 1 5,  4.52,  and  3.6  eV,3'5,8  respective¬ 
ly.  As  shown  in  Fig.  2,  the  electron  attachment  rate  constant 
increases  with  increasing  E/N. 

The  attachment  rates  of  low-energy  electrons  to  SO:  in 
N2  were  measured  at  various  E/N  (0.5-3  Td).  The  values  of 
v0/[S02]  vs  E/N  and  (e)  are  shown  in  Fig.  3,  where 
[N,J  =  490  Torr  and  [S02]  =  0.4— 1.7  Torr  The  values  of 
(e)  in  N  ,  as  a  function  of  E  /N  were  given  by  Christophorou 
and  Hunter.-'  In  the  SO.  pressure  range  studied,  the 
va/\ SO, ]  values  are  not  significantly  affected  by  ISO.)  As 
shown  in  Fig.  3,  the  v„/[SO,  |  values  decrease  with  increas¬ 
ing  E  /.V  At  E  /.V  higher  than  3  Td,  the  electron  attachment 
rates  arc  too  small  to  be  measured  accurately 

I  lie  dependence  ot  tin  v.  /  |  SO ,  |  values  on  (N  ,|  was 
investigated  extensively  bv  Rademacher  cl  td"  foi  the  N. 
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FIG.  2.  Electron  attachment  rate  constant  as  a  function  of  E/N  (bottom 
scale)  and  mean  electron  energy  (top  scale)  forS02  in  Ar.  The  data  from 
Ref.  8  ( — )  are  plotted  for  comparison. 


pressure  in  the  range  of  300-23  000  Torr.  The  electron  at¬ 
tachment  rates  (a  Win  Ref.  8)  increase  linearly  with  [N2]  at 
pressures  less  than  4000  Torr,  and  they  show  saturation  at 
higher  pressures.  The  data  with  [N2]  =  500  Torr  in  Ref.  8 
are  plotted  in  Fig.  3  to  compare  with  our  data.  As  shown  in 
Fig.  3,  the  agreement  between  these  two  data  is  again  very 
good. 

The  values  of  va/[S02]  for  the  S02-CH4  mixtures  were 
measured  as  a  function  of  E  /N  or  (e)  as  shown  in  Fig.  4  for 
[CH4]  =  257  and  427  Torr.  At  each  E  /N,  the  (e)  value  is 
assumed  to  be  equal  to  3/2  (eDL  //r ) ,  where  DL  /fi  is  the  ratio 
of  lateral  electron  diffusion  coefficient  to  electron  mobility.24 
In  this  measurement,  the  S02  pressure  was  varied  in  the 
range  of  0.4-1 .7  Torr,  and  the  observed  va  /  [  S02  ]  values  did 
not  depend  on  [S02]. 

The  electron  attachment  processes  of  S02  in  various 
buffer  gases  have  been  explained"  by  the  following  processes: 


k,  k,t 


e  +  S02-*S02“  *-+S02*  4-  e' 

(5a) 

IMI 

— »  S02  +  energy 

(5b) 

— *S02  +  hv 

(5c) 

—►SO  +  0~  (or  SO"  +  O)  , 

( 5d ) 

where  k,  is  the  rate  constant  for  the  formation  of  the  "tempo¬ 
rary"  compound  negative  ion  S02  *,  A,a  is  the  rate  constant 
for  autoionization,  kSh  is  the  rate  constant  for  the  collisiona! 
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E/N  (10~'7v-cm2) 

FIG.  3.  The  v./[S02]  values  (•)  as  a  function  of  E /N  (bottom  scale)  and 
mean  electron  energy  (top  scale)  forS02  (0.4-1. 7  Torr)  in  490  Torr  of  N2. 
The  data  from  Ref.  8  ( — )  which  were  taken  at  500  Torr  of  N2  are  plotted 
for  comparison. 

stabilization  of  S02~  *  by  a  third  body  M,  kic  is  the  rate  con¬ 
stant  for  the  radiative  stabilization  of  SOf  *,  and  kia  /is  the 
dissociative  electron  attachment  rate  constant. 

For  (e)  >  2  eV,  the  dissociative  electron  attachment 
process  ( 5d )  will  occur  as  observed  in  the  Ar  buffer  gas  ( see 
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FIG  4  The  r,/(  SO,  ]  as  a  function  of  /•.'  /.V  ( bottom  M.  alr )  and  mean  elec¬ 
tron  energy  ( top  scale)  for  SO,  (0.4  - 1.7  Torr )  in  477  (•)  and  257  (■ )  of 
CM4 
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Fig.  2).  For  lower  ( e ),  only  the  processes  (5a)— (5c)  are 
possible.  The  third  body  M  here  could  be  either  N2,  CH4  (or 
C2 H4  in  Ref.  8),  or  even  S02.  The  [ S02 ]  dependence  of 
va/[S02]  had  been  observed5,6  before  in  pure  S02  but  not  in 
this  work  and  Refs.  7  and  8  whose  S02  mixtures  were  used. 
Since  the  buffer  gas  pressures  were  about  two  orders  of  mag¬ 
nitude  higher  than  [S02]  in  this  work,  unless  the  A5b  with 
S02  as  a  third  body  is  more  than  two  orders  of  magnitude 
higher  than  those  with  the  buffer  gases,  the  collisional  stabi¬ 
lization  of  SOf  *  by  SO,  should  be  negligible  here.  The  at¬ 
tachment  rate  derived  from  processes  (5a)-(5c)  is 

va/[S02]  =  k,  (AJb  [M]  +  Ajc  )/(A5a  +  A5b  [M]  +  kSc)  . 

(6) 

For  the  case8  of  C,H4,  kic  is  much  smaller  than  A5b  [  M  ] , 
because  va/[SO,]— *0  as  [C2H4  ]—♦().  This  may  be  also  the 
case  in  CH4.  Thus,  v./[S02]  can  be  approximated  as 

vo/(S02]  =  A,ASb(M]/(Ata  +*Sb[M])  .  (7) 

The  k,  value  will  depend  on  (e) .  However,  at  low  (e) ,  it 
may  not  vary  largely  with  (e).  The  A,  values8  are  8.9  X  10“ 11 
and  7.0 X  10“ 1 1  cmVs  for  S02-N2  in0.04<  (e)  <0. 13eV  and 
for  S02-C2H4  in  0.041  <  (e)  <0.085  eV,  respectively.  If  we 
take  the  A,  value  in  SO:-CH.,  to  be  equal  to  the  value  in  SO,- 
C,H4,  the  »'u/(SO.)  value  of  3.3  \  10  "  cm  Vs  measured  at 
427  Torr  of  CH4  and  E /N  =  1.0  Td  ( (e)  =  0. 1 1  eV)  gives 
the  ratio  of  A5b/A5a  =  2. 1  X  10 - '  Torr-  1  for  CH4  as  a  third 
body.  This  value  is  between  the  values8  of  6.7 X  10~5  and 
6.3  X  10"  'Torr-  1  obtained  from  N,  and  C2H4,  respectively. 
These  results  show  that  CH4  is  more  effective  than  N,  in 
stabilizing  S02'  *  to  SO,- ,  but  it  is  less  effective  than  C2H4. 
This  is  consistent  with  the  fact  that  large  molecules  have 
more  degrees  of  freedom  to  take  away  the  excess  energy  of 
S02~  *  This  phenomenon  is  also  observed  in  the  electron 
attachment  processes  of  CS2  as  described  below. 

B.  CS2 

The  transient  waveforms  of  electron  voltages  with  0, 
0.236,  and  0.367  Torr  of  CS2  in  250  Torr  of  N2  are  shown  in 
Figs.  5(a),  5(b),  and  5(c),  respectively,  where  is /(Vis  fixed 
at  5.1  Td.  Again,  the  decrease  in  the  electron  voltages  in 
Figs.  5(b)  and5(c)  is  due  to  the  electron  attachment  to  CS2. 
The  attachment  rate  va  can  be  obtained  from  the  ratio  of  the 
voltages  with  and  without  CS2  in  N2. 
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The  v0/[CS2]  value  for  the  CS2-N2  mixture  is  depen¬ 
dent  on  both  [CS2]  and  [N2]  in  the  gas  cell,  in  contrast  to 
the  S02-N2  mixture  whose  v„/[S02]  value  is  only  depen¬ 
dent  on  [N2],  At  a  fixed  [N2],  it  increases  linearly  with 
increasing  [CS2]  as  shown  in  Fig.  6,  where  is /A  is  9.64  Td 
and  [N2]  are  256,  371,  440,  and  515  Torr.  At  each  [CS2], 
the  ve/[CS2]  value  increases  with  increasing  [N2],  The  in¬ 
tercepts  of  Fig.  6  are  linearly  dependent  on  [N2]  as  shown  in 

Fig.  7. 

The  above  results  suggest  that  the  electron  attachment 
to  CS2  is  explainable  by  processes  (5a)-(5c),  where  S02  is 
replaced  by  CS2.  These  processes  are  often  used  to  explain 
the  low-energy  electron  attachment  to  electronegative  gas¬ 
es.25  Since  v„/[CS2]— >0 as  both  [ CS2 ]  — »0and  [N2]~*0as 
shown  in  Fig.  7,  the  A,c  in  Eq.  (6)  is  thus  negligible  when 
compared  with  kib  [M],  Thus,  only  the  processes  (5a)  and 
(5b),  which  are  called  the  Bloch-Bradbury  two-step  three- 
body  attachment  processes, 19  are  needed  to  explain  our  work 
inCS2.  In  order  to  accommodate  the  results  that  v„/[CS2]  is 
linearly  dependent  on  [CS2]  and  [N2],  the  AJa  in  Eq.  (6) 
(with  [S02]  replaced  by  [CS2 ] )  must  be  larger  than 
AjblMJ.  Taking  these  approximations  into  consideration, 
Eq.  (6)  (with  [SO,]  replaced  by  [CS,])  simplifies  to 

v,/[CS;]  =  A,A<„[M]/A^  .  (8) 

It  should  be  noted  that  for  the  case  of  CS„  [  M  ]  includes 
both  [CS,]  and  [N2],  because  the  stabilization  rateofCS2  * 
by  CS,  is  comparable  with  N,  in  the  gas  cell,  namely, 

vu/(CS2]  =  A,, [CS,  1  4-  A  ;[.V,|  (9) 

A  plot  of  va/[CS,]  [N,]  vs  [ CS, ] / [ N2 ]  at  each  E /N 
will  give  A.,  as  the  slope  and  A  b  as  the  intercept.  The  plots 
measured  at  various  E /N  (2.55-16.7  Td)  are  shown  in  Fig. 
8,  from  which  the  values  of  Av  and  A  i  are  determined  and  are 
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[Nj]  (100  Torr) 

FIG.  7.  The  intercepts,  v„/(S02)o,  of  the  lines  in  Fig.  6  at  [CS2]  =0as  i 
function  of  N2  pressure. 


plotted  as  a  function  of  E  /N  in  Figs.  9  { a )  and  9(b),  respec¬ 
tively.  k9  is  about  three  orders  of  magnitude  higher  than  k  9 , 
indicating  that  CS2  is  much  more  effective  than  N2  to  stabi¬ 


lize  CS2  *. 


The  electron  attachment  to  CS2  in  CH4  was  also  studied 
in  this  experiment.  Similar  to  the  CS2-N2  mixture,  at  a  fixed 
[CH4],  the  v0/(CS2]  values  increase  linearly  with  increas¬ 
ing  [  CS2  ]  as  shown  in  Fig.  10,  where  E  /N  was  fixed  at  10. 1 
Td  and  [CH4]  were  146,  255,  390,  and  525  Torr.  The  inter¬ 
cepts  of  the  linear  lines  of  v„/[CS2]  vs  [CS2]  in  Fig.  10 
increase  linearly  with  increasing  [CH4],  similar  to  the  case 
of  N2  (See  Fig.  7). 

Again,  the  va/[CS2]  values  for  the  CS2-CH4  mixture 
can  be  expressed  by 

V„/[CS2]  =&io[CS2]  +  &;0[CH4]  .  (10) 


[CS2]/[N?]  ( -1 0-3 ) 
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U  (  ■  ■  (  If  A).  5M  It),  ;ind  |f,  :  I  ,1.  i  ti.ch 


FIG.  9 
a  third 
(d)  as 


Three-body  attachment  rate  constants  A,,  and  km  ofCS2  with  CS,  as 
body  in  N2  (a)  and  CH4  (c),  and  k  ;  with  N2  (b)  and  k  ;0  with  CH4 
a  third  body  as  a  function  of  E  /N. 


The  plot  of  v0/[CS2]  [CH4]  vs  [CS2]/[CH4]  ateach£/A 
will  give  k  10  and  k  J0 .  These  plots  for  various  E  /N  the  range 
of  3.39  to  16.79  Td  are  shown  in  Fig.  11.  These  kw  and  k  ;0 
values  derived  from  Fig.  11  are  plotted  in  Figs.  9(c)  and 
9(d).  At  each  E/N,  kl0  is  about  two  orders  of  magnitude 
higher  than  k  ;0.  Similar  to  the  CS2-N2  case,  CS2  is  also 
much  more  effective  than  CH4  as  a  third  body  in  stabilizing 
CSf  *. 

CS2-  is  a  stable  molecule  because  of  its  positive  electron 
affinity  (about  0.5-1  eV11-12).  CSf  has  been  observed  in 
several  experiments,  although  a  direct  attachment  of  low- 
energy  electron  to  CS2  has  not  yet  been  reported.  In  the  Stud- 
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[CS2]/[CH4]  MO-3) 

FIG.  1 1 .  Three-body  attachment  rate  constant  v./[CS2]  [CHJ  as  a  func¬ 
tion  of  (CS21/(CH4]  at  [Nj]  =  255 Torrand E/N  =  3.39  ( ▼ ), 4.42  ( X  ), 
5.43  (A>.  677  (O),  10.1  (•),  13.45  (A),  and  16.79  (■)  Td. 


ies  of  the  dissociative  electron  attachment  process  of  CS2 
(the  energy  threshold  is  about  3  eV) l3,15,26.  CS2-  as  well  as 
C  - ,  S  - ,  CS  ~ ,  and  S2-  have  been  observed . 1 3“ 1 5  The  observed 
CSf  ion  was  attributed  to  the  secondary  charge  transfer  pro¬ 
cess,  possibly  by  CS2  +  CS~— ►CSf  +  CS.  CS  has  an  elec¬ 
tron  affinity  comparable  with  CS.15  26  The  CS2~  ion  was  also 
observed  in  the  collisional  ionization  of  Na,  K,  and  Cs,12 
namely,  (Na,  K,  Cs)  +  CS2^(Na+,  K  +  ,  Cs+)  +CSf. 
CSj"  was  also  observed  in  the  reaction  of  CS2  with  Kr**  in 
highly  excited  Rydberg  states.  Such  a  highly  excited  Kr 
atom  has  a  similar  characteristic  to  a  free  slow  electron,’2 
i.e.,  Kr**  +  CS2— *Kr  +  +  CS2".  CS2”  was  also  observed  in 
the  charge  transfer  from  several  negative  ions"  (O-,  Cl-, 
and  S- ). 

The  mean  electron  energy  in  N2  or  CH4  is  so  low  (  <  1.5 
eV)  that  the  dissociative  attachment  process  is  not  energeti¬ 
cally  possible.  The  electron  attachment  observed  in  this  ex¬ 
periment  must  be  due  to  the  three-body  process  which  is 
explained  by  the  two-step  processes.  Our  results  show  that 
the  efficiencies  of  CS2,  N2,  and  CH4  in  stabilizing  the  CS2-  * 
ion  are  quite  different  as  shown  in  Fig.  12.  The  three-body 
attachment  rate  constants  k9  and  kw  for  CS2  as  a  third  body, 
and  k !,  and  k  ;0  for  N2  and  CH4  as  third  bodies  are  plotted  vs 
the  mean  electron  energy  (e)  in  Fig.  12.  CS2  is  about  two 
orders  of  magnitude  more  efficient  than  CH4  for  the  stabili¬ 
zation  of  CSf  *.  The  efficiency  of  CH4  in  stabilizing  CS2"  *  is 
about  one  order  of  magnitude  higher  than  that  of  N2.  This  is 
similar  to  the  S02  case  where  CH4  is  also  about  one  order  of 
magnitude  more  efficient  than  N_,  in  stabilizing  S02~  *.  This 
may  be  due  to  the  fact  that  CH4  has  more  degrees  of  freedom 
than  N2  so  that  CH4  is  a  better  quencher  in  that  it  is  able  to 
carry  away  the  excess  energy  of  CS2  *  more  effectively. 

It  is  surprising  to  see  that  CS,  is  so  much  more  efficient 
to  stabilize  CS2  *  than  CII4.  There  may  be  an  accidental 
resonance  between  the  states  of  CS2  *  and  CS,  sucli  that  the 


FIG.  12.  Three-body  attach¬ 
ment  rate  constants,  k,  and  kl0 
of  CSj  with  CS,  as  a  third  body 
in  N]  (a)  and  CH4  (c),  and  k', 
with  Nj  (b)  and  k  \0  with  CH4 
(d)  as  a  third  body  as  a  func¬ 
tion  of  mean  electron  energy. 


Mean  Electron  Energy  (ev) 


energy  transfer  process  occurs  very  fast.  There  is  another 
possibility  CS2“  may  be  from  a  charge  transfer  process  such 
as  CS2-  *  -f  CS2— »CS2  +  CS2- ,  instead  of  a  collisional  stabi¬ 
lization  such  as  CS2-  *  +  CS2-»CS2~  +  CS2  +  energy.  At 
each  (e) ,  the  values  of  k9  and kl0  should  be  the  same,  because 
these  rate  constants  only  associate  with  CS2.  However,  they 
show  a  discrepancy  in  Fig.  12.  The  discrepancy  could  be  due 
to  the  fact  that  the  (e)  in  CH4  is  not  appropriately  deter¬ 
mined  from  E  /N.  The  assumption  of  the  Maxwell  function 
for  the  electron  energy  distribution  in  CH4  used  to  determine 
{ e )  =  l/2{eDL/fx)  may  not  be  quite  appropriate. 

The  anomalous  pressure  dependence  of  the  electron  at¬ 
tachment  had  been  observed  in  dense  gases.  For  02  and  N,0, 
for  instance,  their  high  electron  attachment  rates  at  high 
buffer  gas  pressure  were  not  consistent  with  the  results  pre¬ 
dicted  by  the  Bloch-Bradbury  mechanism.  Hatano  and  Shi- 
momori28  proposed  that  the  electron  attachment  to  van  der 
Waals  molecules  plays  an  important  role  in  those  02  and 
N20  cases.  Recently,  Hunter  ct  al.29  observed  that  electron 
attachment  to  1-C3F6  was  dependent  on  1-C,FA  pressure. 
They  attributed  this  to  be  the  clusterization  of  the  transient 
parent  anion.  The  above  electron  attachment  mechanism 
may  also  be  one  of  the  reasons  that  causes  the  unusual  CS2 
pressure  dependence  observed  in  this  work.  That  is,  the  elec¬ 
tron  attachment  in  CS2  may  be  by  the  pre-existing  dimer 
molecules  of  CS,  or  by  the  dimerization  of  the  transient  par¬ 
ent  anion,  i.e., 
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CS2~  *  +  CS;— *(CS2)f  *— ►  (CS2)2_  +  energy  . 

The  electron  attachment  rate  for  the  CS2-Ar  mixture 
was  also  studied  in  this  experiment.  However,  at  low  [CS2], 
the  attachment  rates  were  too  small  to  be  measured  within 
the  experimental  certainty.  This  is  due  to  the  fact  that  the 
dissociative  attachment  cross  section  of  CS2  is  quite  low27 
(one  order  of  magnitude  less  than  that  of  S02).  It  requires 
very  high  [CS2]  in  order  to  observe  a  sufficient  attachment 
rate.  In  this  case,  the  breakdown  starts  to  occur  and  the 
transient  voltage  is  disturbed  *>y  the  noise  associated  with 
prebreakdown  phenomena. 


IV.  CONCLUSION 

A  parallel-plate  drift-tube  electron-swarm  technique  is 
applied  to  measure  the  low-energy  electron  attachment  rate 
constants  of  S02  and  CS2  in  the  buffer  gases  of  Ar,  N2,  and 
CH4  at  various  E /N.  For  S02  in  Ar  and  N2,  our  results  are 
consistent  with  the  published  data.8  New  data  are  obtained 
for  SO,  in  CH4  and  CS,  in  N,  and  CH4.  Doth  the  low-energy 
electron  attachment  to  SO,  and  CS,  in  N,  and  CH4  are  attri¬ 
buted  to  the  Bloch -Bradbury  two-step  three-body  attach¬ 
ment  process.  1  he  relative  effectiveness  of  N2,  CH4,  CS,,  and 
SO,  as  third  bodies  in  the  three-body  attachment  process  are 
also  determined  from  the  measured  attachment  rate  con¬ 
stants. 
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ABSTRACT 

The  electron  attachment  rate  constants  of  SOCI2  in  the 
buffer  gases  of  Ar,  N2,  and  CH4  (150  to  500  Torr)  at  various  E/N 
(1-15  Td)  were  measured  by  a  parallel-plate  drift-tube  electron- 
swarm  technique.  Electrons  were  produced  by  Irradiating  the 
cathode  with  KrF  laser  photons.  For  the  SQCl2“Ar  mixture,  the 
electron  attachment  rate  constant  has  a  maximum  value  of 
1.2xl0“10  cm^/s  at  E/N  =  4  Td.  For  SOCI2  in  N2,  the  electron 
attachment  rate  constant  is  2. 5x10“^  cm3/s  at  E/N  =1.3  Td,  and 
decreases  with  increasing  E/N.  For  SOCI2  in  CH4,  the  electron 
attachment  rate  constant  is  9. 5x10"^  cm^/s  at  E/N  =  1  Td,  and 
decreases  with  increasing  E/N.  For  every  gas  mixture  studied, 
the  electron  attachment  rate  constant  is  independent  of  buffer 
gas  pressure,  indicating  that  the  electron  attachment  to  SOCI2  is 
due  to  a  dissociative  process.  The  electron  attachment  processes 
in  the  three  gas  mixtures  are  discussed. 


I.  INTRODUCTION 

Recently,  we  have  observed  that  the  conduction  current  in  a 
glow  discharge  of  the  S0Cl2~N2  mixture  could  be  reduced  when  the 
gas  medium  was  irradiated  by  ArF  laser  photons.  The  current 
reduction  may  be  caused  by  the  enhancement  of  electron  attachment 
due  to  the  Cl  and  SO  radicals,  where  these  radicals  are  produced 
from  the  photodissociation  of  SOCI2  by  ArF  laser  photons.  This 
result  indicates  that  SOCI2  could  be  useful  for  the  development 
of  laser  controlled  opening  switches.  The  electron  attachment 
rates  for  SOCI2  in  various  buffer  gases  are  the  basic  information 
needed  for  such  application.  Such  need  motivates  us  to  do  this 
investigation. 

A  parallel-plate  drift-tube  electron-swarm  technique  has 
been  used  in  our  laboratory  to  measure  the  electron  attachment 
rate  constants  of  several  molecules. 1-4  The  electron  attachment 
rate  constants  of  SOCI2  in  Ar,  N2p  and  CH4  at  varied  E/N  are 
reported  in  this  paper.  These  data  are  not  yet  available  in  the 
literature.  The  electron  attachment  processes  of  SOCI2  in 
various  buffer  gases  are  discussed  based  on  the  experimental  data 
measured. 

II.  EXPERIMENT 

The  experimental  set-up  was  described  in  previous  papers. ^~4 
In  brief,  the  gas  cell  was  a  6  in.  six-way  aluminum  cross.  The 
electrodes  were  two  parallel  uncoated  stainless  steel  plates  5  cm 
in  diameter  and  3  cm  apart.  The  electron  swarm  was  produced  by 
irradiation  of  the  cathode  with  a  KrF  (Lumonics  model  861S)  laser 
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wavelength 
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^5.0  eV), 
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of 

dissociating 

S0C12- 5' 

6  In  order 

to 

minimize  the 

Interference  of  the  S0C12  electron  attachment  measurement  by 
photofragments  such  as  SO,  Cl,  and  CI2,  the  size  of  the  laser 
beam  was  reduced  to  0. 3  cm  radius  such  that  only  a  small  fraction 
of  SOCI2  between  the  electrodes  was  irradiated  by  laser  photons. 
(This  arrangement  confines  the  photofragments  to  a  small  region 
around  the  cathode. )  In  the  data  analysis  (see  next  section), 
only  electron  motion  in  the  region  far  away  from  the  cathode  was 
considered.  This  way  of  data  analysis  ensures  that  the  electron 
attachment  rate  measured  is  due  to  SOCI2  only. 

A  negative  high  voltage  was  applied  to  the  cathode  to 
maintain  an  electric  field  between  the  electrodes.  The 
conduction  current  induced  by  the  electron  motion  between  the 
electrodes  was  observed  as  a  transient  voltage  pulse  across  a 
resistor  (330-20000  )  connecting  the  anode  to  ground.  The 
trace  of  each  transient  pulse  was  monitored  by  a  150  MHz  digital 
storage  oscilloscope  (Tektronix  2430)  and  was  subsequently  stored 
in  an  IBM  XT  microcomputer;  data  were  analyzed  by  the  computer. 

Pressure  in  the  gas  cell  was  kept  constant  as  monitored  by 
an  MKS  Baratron  manometer  while  a  slow  flow  of  gas,  20  cm^/min, 
was  maintained.  All  measurements  were  at  room  temperature,  C. 
All  gases  were  supplied  by  MG  Scientific  and  were  used  as 
received;  purities  of  the  Ar,  N2.  and  CH4  were  better  than 
99.998*/.,  99.998*/.,  and  99.99*/.,  respectively.  Thionyl  chloride  was 
supplied  by  Fisher  Scientific  and  was  of  99*/.  purity. 


The  thionyl  chloride  liquid  is  stored  in  a  glass  bottle 


inside  a  stainless  steel  container.  The  thionyl  chloride  vapor 
was  carried  from  the  container  into  the  gas  cell  by  the  buffer 
gas,  Ar,  N2,  or  CH4.  The  concentration  of  SQCI2  was  determined 
from  the  ratio  of  SOCI2  vapor  pressure  (110  Torr  at  23°C )  and 
carrier  gas  pressure  (2  atm).  The  measurements  were  also  done  by 
pre-mixed  SOCI2  in  various  buffer  gas.  These  mixtures  had  well 
defined  concentrations  of  S0C12-  Results  obtained  by  using 
different  methods  of  mixing  gases  did  not  differ.  The  major 
dissolved  impurity  in  SOCI2  has  been  reported  to  be  SO2*  ^ 
however,  the  attachment  rate  constant  for  SO2  is  much  smaller 
than  that  for  SOCI2,  so  the  effect  of  possible  SO2  impurity  on 
these  measurements  should  be  negligible. 

III.  RESULTS 


A.  SQClo-Ar  Mixture 

The  electron  transient  waveforms  for  the  SQCl2_Ar  mixture  at 
E/N  =  0.26  Td  (1  Td  =  lO-^  V  cm^)  are  shown  in  Fig.  1,  where  the 
pressure  of  Ar  was  390  Torr,  and  the  pressures  of  SOCI2  were  (a) 
0,  (b)  23,  and  (c)  50  mtorr.  Each  waveform  is  the  average  of  64 
pulses  which  were  captured  by  the  digital  storage  oscilloscope. 
As  can  be  seen  from  Fig.  1  (a)  (with  only  Ar  in  the  gas  cell), 
voltage  decreased  rapidly  after  the  first  peak.  This  is  probably 
due  to  the  loss  of  electrons  by  back  diffusion  to  the  cathode. a 
After  the  peak,  the  voltage  approached  a  nearly  constant  value 
until  the  electrons  arrived  at  the  anode,  where  the  voltage 
dropped  to  zero.  When  small  amounts  of  SOCI2  were  added  to  the 


gas  cell,  both  pulse  duration  and  amplitude  decreased  as  shown  in 
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Fig.  1  (b)  and  (c).  This  decrease  is  caused  by  the  electron 

attachment  to  S0C12- 

The  electron  attachment  rate  va  at  a  fixed  SOCI2 
concentration  is  obtained  from  the  ratio  of  transient  voltages 
as  a  function  of  time  with  and  without  S0C12-  The  method  of  data 
analysis  has  been  described  in  detail  elsewhere. 2  In  the  data 
analysis,  only  the  flat  portion  of  the  trace  was  used  for  the 
rate  measurement  (the  first  peak  was  avoided).  For  example,  the 
ratios  for  the  voltages  in  Fig.  1  were  considered  only  from  t=2 
to  4  us.  At  this  laster  time,  the  conduction  electrons  are  far 
away  from  the  region  irradiated  by  laser,  so  the  possible 
interference  by  the  Cl  and  SO  radicals  (which  may  be  produced  by 
photodissociation  of  KrF  laser  photons)  is  avoided.  Thus,  the 
measured  electron  attachment  rates  were  caused  by  SOCI2  only. 

The  electron  attachment  rate  does  not  depend  on  the 
pressure.  This  shows  that  the  electron  attachment  is  a  two-body 
dissociative  process.  The  electron  attachment  rate  constant  ka 
of  the  two-body  process  is  determined  by  va/[S0Cl2^.  Values  of 
ka  measured  at  various  E/N  are  shown  in  Fig.  2  for  an  Ar  pressure 
of  390  Torr  along  with  a  scale  of  the  mean  electron 
energy, <c>.  The  electron  attachment  rate  constant  reaches  a 
maximum  value  of  1.2x10"^  cm^/s  at  E/N  =  4  Td  (<£>  =4.5  eV ) . 
The  electron  attachment  rate  constants  were  also  measured  at 
different  Ar  pressures  and  the  results  are  the  same  as  that  shown 
in  Fig.  2. 

B.  SQCI7-N7  Mixture 

The  measured  electron  attachment  rate  does  not  depend  on  the 
N2  pressures  from  150-500  Torr.  This  shows  that  the  electron 
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attachment  is  a  two-body  dissociative  process.  The  measured 
values  of  ka»  in  the  S0Cl2-N2  mixture  for  E/N  from  1  to  8  Td,  are 
shown  in  Fig.  3,  where  the  N2  pressure  is  about  475  Torr.  A  scale 
of  mean  electron  energy^  in  N2  is  also  shown  on  the  top  axis  of 
Fig.  3.  The  attachment  rate  constant  is  about  2. 5x10“^  cm^/e  at 
E/N  =  1.3  Td  (<£>  =  0.4  eV),  and  decreases  with  increasing  E/N. 

C.  SQCIq-CHa  Mixture 

Similar  to  results  obtained  in  Ar  and  N2  buffer  gases,  the 
electron  attachment  rate  does  not  depend  on  the  CH4  buffer 
pressure  (varied  from  150-500  Torr),  indicating  that  the  electron 
attachment  is  a  two-body  dissociative  process.  The  electron 
attachment  rate  constants  for  the  SQCI2-CH4  mixture  are  shown  in 
Fig.  4  for  E/N  from  1  to  15  Td  and  for  two  different  pressures  of 
CH4.  The  mean  electron  energies^  in  CH4  are  shown  on  the  top 
axis  of  Fig.  4.  (The  mean  electron  energy  in  CH4  for  E/N  higher 
than  12  Td  is  not  available).  As  shown  in  Fig.  4,  the  attachment 
rate  constant  is  about  9.5x10”^  cn^/s  at  E/N  =  1  Td  ( <e >  =  0.1 
eV)  and  decreases  with  increasing  E/N. 

IV.  DISCUSSION 

The  electron  attachment  rate  constants  of  SOCI2  for  the 
S0C12- Ar  and  SOCI2-N2  mixtures  are  replotted  against  the  mean 
electron  energy  as  shown  in  Fig.  5.  The  attachment  rate 
constant  has  a  peak  at  the  thermal  energy  and  a  broad  band  with  a 
maximum  at  4. 8  eV.  This  result  indicates  that  the  electron 
attachment  is  due  to  at  least  two  different  dissociative 


attachment  processes. 


(Note  that  the  attachment  is  attributed  to 


a  dissociative  process  because  the  attachment  rate  is  independent 
of  the  buffer  gas  pressure).  The  attachment  process  at  the 
thermal  energy  has  an  attachment  rate  higher  than  other 
processes. 

The  electron  attachment  rate  measured  in  the  SOCI2-CH4 
mixture  is  higher  than  that  measured  in  the  SQCl2~N2  mixture  at 
the  same  value  of  <e>  (see  Figs.  3  and  4).  This  difference  could 
be  due  to  the  fact  that  <e >  in  CH4  is  not  appropriately  converted 
from  E/N.  The  assumption  of  the  Maxwell  function  used  to 
determine  the  electron  energy  distribution  in  CH4  as  <e>  =  3(e 
Dl,/  Vi  ) /2  may  not  be  correct.  On  the  other  hand,  the  electron 
energy  distributions  in  Ar  and  N2  have  been  well  studied. 9' H  The 
electron  attachment  rate  constants  in  the  SDCl2~N2  and  S0Cl2~Ar 
mixtures  match  very  well,  as  shown  in  Fig.  5.  A  similar  case  was 
observed  for  CS2, 4  whose  three-body  electron  attachment  rate 
constant,  measured  in  the  CS2-CH4  mixture,  was  higher  than  that 
measured  in  the  CS2-N2  mixture  at  same  <e>. 


When  SOCI2  is  excited  by  photons  or  electrons,  it  may  be 
dissociated  into  the  following  products. 


S0C12 

-V 

CI2  ♦  so 

<  1  > 

->■ 

Cl  ♦  S0C1 

(2) 

-y 

2C1  +  SO 

(3) 

The  thresholds  for 

the 

'  above  processes  can  be 

determined 

from 

their  dissociation 

energies.  The  dissociation 

energy 

for 

D(C1- 

S0C1)  was  calculated 

by  Sanderson^  to  be 

2.  86 

eV. 

The 

dissociation  energy 

for 

D ( S0-2C1 )  is  4.70  eV.13 

Using 

D  ( Cl  - 

Cl )  = 

2.52  eV,  13  the  dissociation  energy  for  D(S0-Cl2>  is  2.18  eV. 

The  thermochemical  energies  for  the  electron  dissociative 


attachment  processes  of  S0C12  can  be  calculated  from  the 
dissociation  energies  as  follows: 

SOCI2  ♦  e  -+  SO"  +  2C1  -  3. 6  eV  (4) 

-*■  SO-  ♦  CI2  -1.1  (5) 

-*•  Cl"  +  Cl  +  SO  -  1.0  (S) 

Cl2"  +  so  ♦  0.0  (7) 

+  Cl"  +  S0C1  +  0.8  (8) 

The  electron  affinities9  of  Cl,  SO,  and  CI2  used  in  the 
calculation  are  3. 67,  1.  1,  and  2. 2  eV,  respectively.  The 


calculated  energy  thresholds  for  all  these  possible  dissociation 
processes  and  dissociative  attachment  processes  of  SOCI2  are 
shown  in  Fig.  6. 

The  energy  threshold  of  S0C1  +  Cl"  is  about  0.8  eV  below 
the  ground  state  energy  of  SOCI2#  indicating  that  the  electron 
dissociative  attachment  could  occur  at  thermal  energy.  This 
explains  our  observation  that  the  electron  attachment  is  a  two- 
body  dissociative  process  with  a  high  attachment  rate  constant 
at  low  electron  energy.  The  Cl2_+S0  process  also  requires  no 
electron  energy  to  occur,  except  for  the  possible  potential 
barrier.  Since  process  (8)  has  a  high  exothermic  energy  and  the 
electron  energy  in  the  buffer  gas  CH4  or  N2  is  low,  process  (8) 
is  probably  the  main  electron  attachment  process  occurring  in  the 
S0Cl2"CH4  and  SOCI2-N2  mixtures.  A  Similar  case  was  observed  in 
the  CI2-N2  mixture  by  McCorkle  et  al. where  the  electron 
dissociative  attachment  rate  constant  has  a  maximum  at  <c  > ^ 
0.07  eV  and  decreases  with  increasing  <r>.  The  attachment  rate 
constant  for  the  SOCI2-CH4  mixture  at  <c>  %  0. 1  eV  measured  in 


this  experiment  is  much  higher  than  that  in  the  Cl2~N2  mixture. 
This  is  expected  from  the  fact  that  the  molecular  size  of  SOCI2 
is  larger  than  Cl2»  In  fact  it  has  been  observedIO  that  the 
electron  attachment  rate  constants  of  perf luoroalkane  molecules 
increase  with  increasing  size. 

The  electron  attachment  rate  constants  of  SOCI2  increase 
when  < £>  >  1  eV  as  shown  in  Fig.  5.  This  increase  is  probably 
caused  by  the  dissociative  attachment  processes  <4>-(6>.  The 
processes  (7)  and  (8)  are  responsible  for  the  attachment  at  the 
thermal  energy  and  they  will  be  less  important  at  high  electron 
energy.  This  is  evident  by  the  fact  that  the  thermal  electron 
peak  rapidly  decreases  with  increasing  electron  energy.  Because 
energy  thresholds  for  the  processes  (5)  and  (6)  are  about  1  eV 
above  the  ground  state  of  S0Cl2>  these  processes  are  likely 
responsible  for  the  electron  attachment  at  electron  energy  higher 
than  1  eV.  For  electron  energy  higher  than  3.  6  eV,  the  process 
(4)  will  provide  additional  attachment  channel  to  enhance  the 
attachment  rate.  For  electron  energy  higher  than  4. 8  eV,  the 
attachment  rate  constant  starts  to  decrease,  which  may  be  caused 
by  the  electron  energy  moving  away  from  the  energy  range  where 
the  attachment  processes  are  available.  The  next  high  energy 
process  is  Cl2-+S+0  whose  energy  threshold  is  5.3  eV,  where 
D(S-O)  =  5.34  eVl3  iS  used  to  determine  the  threshold. 

V,  CONCLUSION 

Electron  attachment  rate  constants  of  SOCI2  in  Ar,  N2»  and 
CH4  were  measured  at  various  E/N  < or  mean  electron  energy).  The 
electron  attachment  rate  constant  has  a  maximum  at  the  thermal 
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energy  and  a  second  maximum  peak  around  4. 5  eV.  The 
dissociative  attachment  processes  of  Cl“  ♦  50C1  and  CI2-  +  SO  are 
likely  to  be  the  dominant  processes  for  the  low  energy  electrons. 
For  the  high  energy  electrons,  the  dissociative  attachment 
processes  of  Cl"  ♦  Cl  ♦  SO,  S0~  +  CI2  and  2C1  +  S0“  become 
important. 
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FIGURE  CAPTIONS 


Fig. 


Fig. 


Fig. 


Fig.  4 


Fig.  5 


Fig.  6 


The  waveforms  of  transient  voltage  pulses  produced  from 
electron  motion  in  390  Torr  of  Ar  with  S0C12  (a)  0 ,  (b) 
23  mTorr,  and  (c)  50  mTorr.  Electrons  were  produced 
from  irradiation  of  the  cathode  by  KrF  laser  photons. 
The  E/N  was  fixed  at  0. 26  Td.  The  electrode  spacing  was 
3  cm,  and  the  external  resistor  was  1  KQ. 

Electron  attachment  rate  constant  as  a  function  of  E/N 
(botton  axis)  and  mean  electron  energy  (top  axis)  for 
SOCI2  in  Ar.  The  Ar  pressure  was  325  Torr. 

Electron  attachment  rate  constant  as  a  function  of  E/N 
(bottom  axis)  and  mean  electron  energy  (top  axis)  for 
SOCI2  in  N2.  The  N2  pressure  was  475  Torr. 

Electron  attachment  rate  constant  as  a  function  of  E/N 
(bottom  scale)  and  mean  electron  energy  (top  scale)  for 
SOCI2  in  CH4.  The  CH4  pressures  were  340  Torr  (•)  and 
490  Torr  (  A  ). 

Electron  attachment  rate  constant  as  a  function  of  mean 
electron  energy  for  the  SOCI2-N2  (A)  and  S0Cl2~Ar  (•) 
mixtures. 

Energy  thersholds  for  the  dissociation  processes  (left) 
and  the  electron  dissociative  attachment  processes 


(right)  of  S0C12- 


